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ABSTRACT Themajor protein component of theamyloid deposition inAlzheimer’s disease is a39–43 residuepeptide, amyloidb
(Ab). Ab is toxic to neurons, although the mechanism of neurodegeneration is uncertain. Evidence exists for non-B DNA
conformation in the hippocampus of Alzheimer’s disease brains, and Ab was reportedly able to transform DNA conformation
in vitro. In this study, we found that DNA conformation was altered in the presence of Ab, and Ab induced DNA condensation in a
time-dependent manner. Furthermore, Ab sheets, serving as condensation nuclei, were crucial for DNA condensation, and
Cu21 and Zn21 ions inhibited Ab sheet-induced DNA condensation. Our results suggest DNA condensation as a mechanism
of Ab toxicity.
INTRODUCTION
Amyloid b (Ab) is a 39–43 amino acid polypeptide that is
proteolytically derived from the transmembrane amyloid
precursor protein (1–3). Ab is the main component of neu-
ritic plaques in the brains of Alzheimer’s disease (AD) pa-
tients (4). Ab40 is the predominant peptide species at the
heterogeneous carboxyl terminus (5,6).
AD is a neurodegenerative disorder of complex origin. The
mechanism of Ab neurotoxicity is controversial. Previous
studies found that intracellular aggregates of Ab were toxic
and that neurotoxicity was related to the degree of Ab aggre-
gation (7–9). Furthermore, it was recently reported that solu-
ble oligomeric species of Abweremore toxic than nonsoluble
species (10,11).
Ab aggregate formation is inﬂuenced by various exper-
imental conditions (12–14), including pH, ionic strength,
metal ions, membrane-like surface, incubation time, temper-
ature, and hydration forces. In vitro studies (15–17) have
demonstrated that low concentrations of Ab induce neuronal
apoptosis with DNA condensation, and using ﬂuorescence
microscopy, DNA condensation was observed in cells treated
with Ab (15,17). Furthermore, studies of DNA conformation
in the hippocampus of AD brains (18) showed Z-DNA con-
formation, and supercoiled DNA treated with Ab was more
compact and condensed than nontreated DNA (19). How-
ever, the mechanism of condensation is obscure. DNA con-
densation is important in the cell cycle. It is involved in many
biological processes, including gene expression (20) and
chromosomal changes (21), and it is crucial for successful
gene therapy. Thus, examining interactions of Ab and DNA
will be helpful for understanding Ab neurotoxicity.
Ab undergoes a time-dependent structural transition (13,22)
from random coil to b-sheet in aqueous solutions, and this
transition is thought to be related to its neurotoxicity. In this
study, we studied the interactions between Ab and DNA
using circular dichroism, ﬂuorescence spectroscopy, a re-
placement binding assay, electrophoresis, atomic force mi-
croscopy (AFM), and metal ion inhibition. We found that
low concentrations of Ab induced DNA condensation in a
time-dependent manner. Additionally, Ab-sheets, serving as
condensation nuclei, were crucial for DNA condensation,
and both Cu21 and Zn21 ions inhibited Ab sheet-induced
DNA condensation.
MATERIALS AND METHODS
Peptide
Ab40 (lot No. 091K49551) and Ab1–12 (lot No. 122K1377) were pur-
chased from Sigma (St. Louis, MO). The peptide was ﬁrst dissolved in
1,1,1,3,3,3-hexaﬂuoro-2-propanol (HFIP) at the concentration of 1 mg/ml.
The solution was shaking at 4C for 2 h in a sealed vial for further disso-
lution and was then stored at20C as a stock solution (22). Before use, the
solvent HFIP was removed by evaporation under a gentle stream of nitrogen
and peptide was dissolved in 20 mM Tris buffer, pH 7.4.
Reagents
PolydGdC:polydGdC was a product of Pharmacia (Uppsala, Sweden, lot
No. 2087910021) and calf thymus DNA was purchased from Sigma and
puriﬁed as described earlier (23). HFIP was obtained from Acros Organics
(Geel, Belgium). Ethidium bromide (EB) was purchased from USB
(Cleveland, OH). (3-Aminopropyl) triethoxysilane (APTES) was purchased
from Aldrich (St. Louis, MO). Solutions were all prepared in ultrapure water
puriﬁed through a Milli-Q system (Millipore, Billerica, MA).
Circular dichroism measurements
Circular dichroism (CD) spectra of polydGdC:polydGdC with Ab40 at dif-
ferent incubation time were measured from 200 nm to 380 nm on a JASCO
(Tokyo, Japan) J-810 spectropolarimeter with a computer-controlled water
bath (24,25). The optical chamber of CD spectrometer was deoxygenated
with dry puriﬁed nitrogen (99.99%) for 45 min before use and kept the
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nitrogen atmosphere during experiments. Three scans were accumulated
and automatically averaged.
Ethidium bromide displacement and light
scattering measurements
We used EB as a ﬂuorescent probe to characterize DNA condensation be-
cause EB would be excluded out of their DNA binding sites when DNA
condensed and its ﬂuorescence would become comparable to that of free EB
molecules (23). Fluorescence measurements were carried out on a JASCO
FP-6500 spectroﬂuorometer at 20C (25). Fluorescence spectra were moni-
tored at different incubation time. The EB emission signal at 585 nm was
translated as a relative value as (F-F0)/(Fmax-F0), where F0 and Fmax are the
EB ﬂuorescence intensity of free and bound with DNA.
The DNA condensation was monitored by light scattering on a JASCO
FP-6500 spectroﬂuorimeter. The increasing intensity of light scattered at 90
from the incident beam was measured at 330 nm along with the increased
incubation time.
UV-Vis absorption measurements
Absorbance measurements and melting experiments were made on a Cary
300 (Varian, Palo Alto, CA) UV/Vis spectrophotometer, equipped with a
Peltier temperature control accessory (23,24). All UV/Vis spectra were
measured from 190 nm and 340 nm in 1.0 cm-path length cell.
An AFM (Nanoscope IIIa, Digital Instruments, Santa Barbara, CA) was
used to image polydGdC:polydGdC in the presence or absence of Ab pep-
tide at different incubation time. The sample solution was deposited onto a
piece of freshly cleaved mica and rinsed with water and dried before mea-
surements (23). Tapping mode was used to acquire the images under ambi-
ent condition.
Gel retarded assay
DNA and DNA/Ab40 samples were prepared at room temperature with
different incubation time. The samples were then loaded on 0.8% agarose
electrophoresis (with TAE buffer) at 8 V/cm during the room temperature
for 30 min. After EB stained DNA was visualized and photographed (25).
RESULTS AND DISCUSSION
To determine whether Ab inﬂuences DNA conformation, we
measured CD spectra of polydGdC:polydGdC in the absence
and presence of Ab. Fig. 1 A showed B-form DNA with two
typical bands at 250 nm and 272 nm in the absence of Ab. In
accordance with previous results (26) there was no imme-
diate change in CD intensity when Ab was added. However,
the 250 nm and 272 nm bands diminished with longer incu-
bation time at room temperature. During the initial 1–2 day
incubation, the CD intensity decreased slowly and then more
rapidly as incubation continued (Fig. 1 B). Ultimately, the
bands nearly disappeared, and a 230 nm negative CD band
appeared. A 205-nm band, which is indicative of DNA struc-
ture, changed from negative to positive. Together, the changes
indicate that there was a DNA conformational transition
during incubation with Ab and that the secondary structure
of DNA was disturbed.
Gel retardation has been widely used to monitor DNA
structural change (27), and we used gel electrophoresis to
examine conformational changes in DNA during incubation
with Ab. The electrophoresis image (Fig. 2) and CD spectral
FIGURE 1 Circular dichroism spectral changes of polydGdC:polydGdC
induced by incubation with Ab40. (A) DNA in the presence of Ab measured at
different incubation time. 0 day (solid line); 1 day (squares); 2 days (circles);
3 days (uppward triangles); 4 days (downward triangles); 5 days (diamonds);
6 days (crosses); and 7 days (stars). [DNA]¼ 15mM; [Ab]¼ 1mM;Ab signal
was subtracted respectively. (B) Plot ofCD intensity at the 250nm(squares) or at
230nm (circles) as a function of the incubation time. The datawere adopted from
Fig. 1A. Experimental details as described in theMaterials andMethods section.
FIGURE 2 Effect of Ab40 fragment on mobility of DNA in 0.8% agarose
gel electrophoresis stained by EB. Lane M was the DNA marker. Lanes 1–4
were the samples of polydGdC:polydGdC with Ab incubated at room
temperature for 1, 2, 3, and 4 days, respectively. As control, lanes 5–8 were
polydGdC:polydGdC alone incubated for 1, 2, 3, and 4 days, respectively.
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analysis show that DNA underwent condensation. Initially,
DNA was more compact, which may indicate a ﬁrst-step
condensate with a faster mobility than that of the 100 bp
marker DNA, as previously reported (27). However, the
quantum of that DNA form decreased over time (Fig. 2,
lanes 3 and 4). Furthermore, DNAwas present in the wells of
the gel, which might represent complete condensation of
DNA. There were no conformational changes in DNA that
was incubated without Ab (Fig. 2, lanes 5–8).
Compact DNA is resistant to intercalating dyes (28–31),
and several DNA intercalators such as ToTo (28), YoYo
(29), ethidium bromide (EB) (30), and syber Gold (31), have
been used as ﬂuorescent probes for DNA condensation.
Here, we used an EB ﬂuorescence quenching assay to exa-
mine DNA condensation. Fig. 3 A shows EB ﬂuorescence
measured at different incubation times. In DNA samples that
were incubated with Ab, EB intensity decreased, indicating
that EB was excluded from binding sites. After 1 week, EB
intensity was comparable to that of free equimolar EB. In
contrast, there was very little change in EB intensity in DNA
samples that were incubated without Ab, even after 10 days.
This observation indicates that Ab induced DNA condensa-
tion, and it is consistent with the CD and gel electrophoresis
results. In addition to polydGdC:polydGdC, we examined
calf thymus DNA, which is a natural double-stranded DNA.
We found that Ab also induced calf thymus DNA con-
densation in a time-dependent manner (data not shown).
These results indicate that Ab can cause not only speciﬁc
polydGdC:polydGdC DNA condensed but also natural DNA
showing these phenomena more general. Further studies us-
ing different types of DNA are undergoing in our laboratory.
Ab-induced DNA condensation was further demonstrated
by light scattering (32). Fig. 3 C shows that DNA and Ab
formed aggregates in solution that scattered light. Monitor-
ing the 90 light scattering intensity as a function of incuba-
tion time showed that the formation of DNA/Ab aggregates
was slow, as suggested by the EB replacement data.
Fig. 4 shows changes in DNA absorption at 260 nm. After
incubation with Ab, absorption decreased, and the band had
a red shift from 260 nm to 270 nm. The decrease in absorp-
tion at 260 nm and the corresponding increase in scattering at
320 nm imply the formation of condensates (33). DNA UV
spectral changes also suggest that DNA was condensed in
the presence of Ab.
FIGURE 3 (A) Fluorescence spectra of EB when bound
to polydGdC:polydGdC in the presence of Ab. EB
ﬂuorescence was decreased with increasing the incubation
time. (B) Normalized EB ﬂuorescence at 585 nm as a
function of incubation time in the presence (solid squares)
or absence (solid circles) of Ab. (C) Plot of light scattering
intensity at 330 nm as a function of 1 mM Ab incubated
with 15 mM DNA (solid circles); 1 mM Ab alone (solid
squares). All incubations were done at room temperature.
Details as described in the Materials and Methods section.
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AFM was used to characterize DNA condensation and
structure. After 5-day incubation, DNA/Ab condensates were
formed (Fig. 5). A large number of DNA molecules were
tangled together to form condensates (23). The condensates
were primarily in the form of toroidals or globules, and the
particle diameter ranged from 50–200 nm. This result is con-
sistent with the electrophoresis and light scattering results.
DNA condensation was induced by the slow conforma-
tional transition of Ab in solution. After Ab was dissolved in
buffer, it was in a random coil and did not immediately
change to a b-sheet conformation. Instead, the transition to
b-sheet occurred after several days of incubation at room
temperature (Fig. 6), in agreement with previous reports
(13,22). We assume that the b-sheet served as condensation
nuclei to induce DNA condensation. For comparison, we
incubated polydGdC:polydGdC with Ab at 2C, and did not
observe any changes to DNA secondary structure (Fig. 7).
This indicates that formation of b-sheets is important for
DNA condensation, since low temperatures can destabilize
hydrophobic interactions and inhibit the transition of Ab to
b-sheets (34). Another evidence to support b-sheet inducing
DNA condensation was that Ab1–12 could not make DNA
condensation under the same conditions used for Ab1–40.
Gel electrophoresis showed that DNA was not condensed
with incubation of Ab1–12 (Fig. 8), and CD spectra (Fig. 9)
indicated that Ab1–12 did not change to a b-sheet confor-
mation, in accordance with previous studies on Ab1–13
(35), demonstrating that b-sheet conformation is crucial for
inducing DNA condensation.
Ab is a metalloprotein. Both Cu21 and Zn21 bind to Ab
and can prevent or delay the formation of ﬁbrils with b-sheet
conformation (22,36). We studied the effects of Cu21 and
Zn21 on DNA/Ab interactions. As shown in Fig. 10, both
ions delayed Ab-induced DNA condensation. The results
provide indirect evidence that b-sheets are an active inducer
of DNA condensation.
Prion protein is an amyloid-forming protein, and like AD,
prion disease results from protein misfolding with a confor-
mational transition from a-helix to b-sheet. Regarding the
interaction of prion protein (or its fragment PrP106–126) and
DNA, previous studies have shown that DNA promotes
prion protein polymerization and induces time-dependent
DNA condensation (37,38). This is in keeping with our
conclusion that b-sheets induce time-dependent DNA con-
densation. It is known that a-helix and b-sheet structures of
proteins interact with DNA. The b-sheet structure interacts
favorably with DNA, and H-bonds may form between pep-
tide NH groups and deoxyribose O-39 atoms (39). According
to this assumption, Ab may be folded in a predominantly
b-sheet secondary structure,which is promoted by the presence
FIGURE 5 AFMimagesofDNAcondensates
induced by Ab40. (A) polydGdC:polydGdC
alone; (B) DNA with Ab (the proportion is as
same as that used in the spectral experiments).
Incubation time, 5 days. Details as described in
the Materials and Methods section.
FIGURE 4 Absorption spectral changes of poly-
dGdC:polydGdC incubated with Ab peptide. (A) DNA
incubated with Ab; (B) DNA alone. The sample was
incubated for 0 day (solid lines), 3 days (dash lines),
5 days (dot lines), and 7 days (dash-dot lines),
respectively.
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of DNA, and serve as a condensation nuclei, which increases
its propensity to aggregate with DNA during incubation.
Ab is the major constituent of senile plaques, and although
the mechanisms that lead to Ab accumulation are not clear,
Ab is involved in AD pathogenesis, and may be the predom-
inant causative factor of AD (2). A link has been made
between AD and nucleic acid through the identiﬁcation of
mRNA in senile plaques. As shown by acridine orange his-
tochemistry, RNA is one of the nonproteinaceous compo-
nents of neuroﬁbrillary tangles and senile plaques (40,41).
High afﬁnity RNA aptamers against Ab were isolated, and
b-sheet conformation was thought to be the RNA binding
form (42). Previous results indicate that intracellular accu-
mulation of Ab rather than extracellular deposition of Ab
induce apoptosis (43, 44). Ab localized in the nuclear region
of AD cells (19) enable structural alteration of DNA.
Oxidative damage to DNA in AD brains may play a role in
cell death (45). Previous studies have also shown changes in
chromatin from a normal euchromatin structure to a con-
densed heterochromatin structure (46). Recently, rigid, non-B
DNA conformations were observed in severely affected AD
brains (18), and it was shown that Ab can modulate helical
properties of DNA, especially supercoiled DNA (19). Inter-
actions among biomolecules are often modulated by their
conformation. Ab exists in several conformations (47), based
on incubation time and temperature in vitro. Our results
indicate that in the presence of Ab, DNA was condensed and
its structure was disturbed with increasing incubation time.
DNA condensation can inﬂuence gene expression and tran-
scription in AD cells. Previous studies (15–17) have shown
that low concentrations of Ab induced neuronal apoptosis
with DNA condensation. Therefore, the interactions of Ab
and DNA are important and may have a role in the patho-
genesis of AD (18,19,45,46), the mechanisms of which need
further clariﬁcation.
FIGURE 7 CD spectra of polydGdC:polydGdC with Ab40 at 2C before
(solid line) or after incubated for 7 days (open squares). Details were de-
scribed in the experimental section.
FIGURE 8 Effect of Ab1–12 fragment on mobility of DNA in 0.8%
agarose gel electrophoresis. Lanes 1–4 were the samples of polydGdC:po-
lydGdC with Ab1–12 incubated at room temperature for 1, 2, 3, and 4 days,
respectively. As control, lanes 5–8 were polydGdC:polydGdC alone incu-
bated for 1, 2, 3, and 4 days, respectively.
FIGURE 9 CD spectra of Ab1–12 peptide (200 mM) after incubation at
room temperature under the same conditions used for Ab40. 0 day (black
line); 4 days (open squares); and 7 days (open circles).
FIGURE 6 CD spectra of Ab40 peptide (50 mM) after incubation at room
temperature for different time. 0 day (black line); 1 day (open squares);
3 days (open circles); 5 days (uppward triangles); and 7 days (downward
triangles). The spectral data showed that the relative amount of b-sheet
conformation was increased with increasing the incubation time.
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In summary, our results indicate that Ab induces double-
stranded DNA condensation in vitro, and the condensation is
time-dependent, as examined with circular dichroism, ﬂuore-
scence spectroscopy, a replacement binding assay, electro-
phoresis, AFM, and metal ion inhibition. b-sheets, serving as
condensation nuclei, are crucial for inducing DNA conden-
sation.
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